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Preface to the Series 

The RTKEN BNL Research Center (RBRC) was established in April 1997 at Brookhaven 
National Laboratory. It is funded by the “Rikagaku Kenkyusho,” (RTKEN) The Institute 
of Physical and Chemical Research, of Japan. The Center is dedicated to the study of 
strong interactions, including hard QCD/spin physics, lattice QCD’ and RHIC 
(Relativistic Heavy Ion Collider) physics through nurturing of a new generation of young 
physicists. The Director of RBRC is Professor T. D. Lee. 

A Memorandum of Understanding between RKEN and BNL was signed on April 30, 
2002 extending this collaboration and the FUKEN BNL Research Center (RBRC) for 
another five years. 

Since its inception the Center has now matured with both a strong theoretical and 
experimental group. These consist of Fellows, Postdocs, RBRC PhysicsAJniversity 
Fellows and an active group of Consultants/Collaborators. Computing capabilities 
consist of a 0.6 teraflops parallel processor computer operational since August 1998. It 
was awarded the Supercomputer 1998 Gordon Bell Prize for price performance. This is 
expected to be augmented by a ten teraflops QCDOC computer in JFY 2003. The Center 
also organizes an extensive series of workshops on specific topics in strong interactions 
with an accompanying series of published proceedings. 

Members and participants of RBRC on occasion will develop articles in the nature of a 
status report, a general review, andor an overview of special events, such as this one. 

N. P. Samios 

*Work performed under the auspices of U.S.D.O.E. Contract No. DE-AC02-98-CH10886. 
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ummary and Outlook 
* RHIC spin program has begun. We have a series of program over 5 years to go. 

transversely polarized beam, produced unexpected spin phenomena which may 
relate to ~mlgiovvii behavior o f  QCD ~ t ~ a i ~ ~ v ~ r ~ i ~  etc) 

4p3 1-1 n The first polarized proton collision was successfilly done with 

CCAST/RBRC Symposittm, April 2003, Hidelo En'yo 36 



A DISCUSSION ON THE BEAUTY OF SPIN 

Gerry Bunce 
RIKEN BNL Research Center 

and 
Brookhaven National Laboratory 
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The First RHtC Spin Run 

, 
e 

$t% e'el 

68 



69 





0-4 

0.2 

0 -0.2 0.4 0.6 0.8 1 
xF = E/ I00 GeV 

71 





EL 

. "9 "1 

2x3- 



I * 

74 



3
6

 
42 

f
 
d
 d 

Q
 k
 

75 

I 



PEKENIX KO Reconstruction 

76 



L . \  

1 U-' L- 
E 

10 

10 
I B 1 i f . f  t 

2 4 6 8 IO 12 14 
,p,(GeVlc) 

77 



0
 1 1 t I t \ r I

 I i
 

I 

5 Q
 

3
 

6.I 
--..L

 

m
 
0
 

d
 

V
w

 

0
 

F
 m
 

fi 

Q
 

.r- 

78 



c 

4, 

w- 

u- 

79 



80 



81 



USING SPIN TO EXPLORE NUCLEON 
STRUCTURE AND QCD 

Werner Vogelsang 
RIKEN BNL Research Center 

and 
Brookhaven National Laboratory 
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Using Spin to Explore 

Nucleon Structure and QCD 

Werner Vogelsang 

RIKEN-BNL Research Center / BNL Nuclear Theory . 

RBRC/CCAST Symposium - April 7, 2003 

Outline : 

0 Prologue 

0 Quark and Gluon Structure of the Nucleon 

0 Dee p I y- I ne I ast i c Scatter i n g 

0 Lessons from Polarized DIS 

0 A New Era of QCD Spin Physics 

- Gluon polarization in the nucleon 

- Learning about quark polarizations by flavor 

- Access to  orbital angular momentum ? 

- Phenomena with transverse spin, Transversity 

- Using RHIC-Spin t o  find physics beyond the Standard Model ? 
85 



- Theory of the strong interactions 

cPf-~'p-:LR*~ *m-+;c **g3Te fJf to 
4%GL..- " ' " D  . 8 , g ? i i ? .  - * d L . L $  

make use of perturbative c--) non-perturbathe interplay 

* probe 'lour ~o~s~i tuents"  with weakly interacting quanta of asymptotic freedom 

0 test (and learn about)  QCD spin interactions 

f- een proton spin an artsn spins in qb 
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In QCD : 

Trying t o  “understand” the nucleon - what are the objectives ? 

0 describe in terms of matrix elements of quark and gluon operators 

( N I %il I N ) 
0 know their physics interpretation 

0 find physical observables that give access to such matrix elements 
be able to predict such observables (pert. QCD, factorization theorems) 

0 measure these and determine matrix elements 

0 comparison to models o f  the nucleon, lattice gauge theory ? 

0 finally, use as tool to  find physics beyond the Standard Model ? 

. I. Quark and Gluon Structure of the Nucleon 

What’s interesting to know ? 

Nucleon moving fast in 3-direction. Suppose we could take a snapshot : 

(P+ = Po + P3) 

How many constituents with momentum between ZP and (z + ds)P ? 

(for each parton species, u,G,d,s, .  . . , g )  

87 



0 let's take one quark type. With some footwork, this becomes 

0 probability density for finding a quark with momentum fraction 2 

0 the formal expression is 

F 

4 

Nucleon and its constituents have spin. 

Let's consider nucleon with positive helicity 

0 How many constituents have same helicity ? Opposite ? 

88 



Corn bine 

How to measure this ? 

Answer : They can be seen in very inelastic reactions 

I I .  The archetype : 

)9 
Deeply4 nelastic 

highly virtual photon, 

scattering 

Q2 >> m& 

cross section: - L,,(k, q, s )  - W””(P, q, S )  
\ 

Y 
/ \  Y 

leptonic hadronic 
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Large Q2 : y” takes snapshot of nucleon 

+ “parton model” (Feynman; Bjorken,Paschos) 

+- can calculate structure functions in terms of quark distributions : 

Fl(4 - - >: ef [4(4 + a41 
2 q  

How does this hold up in full QCD ? - A success story ! 

0 QCD corrections to  Parton Model : typically from 

leading effect : DGLAP evolution of quark distributions 

Q2 H resolving power of probe 

Direct predictions of QCD ! 

0 Power-suppressed contributions cv) small 

90 



World data on pol. and unpol. deep-inelastic scattering 

l r  
-8 

A xd.25 (~8) - 
L 4 x=o.35(x4)i 

- 
T O  

A # ,  

E155 
0 E143 

- 
xd.75 f 

-2 f A EMC 

I I 1 -  

1 10 Q2 (GeV2) 10' 

NLO QCD fit: Gliick, Reya, Vogelsang, MS (2000 update) 

111. Lessons 

Seve ra I ' generations of 

bea uti fu I fixed-target 

experiments a t  

SLAC, CERN, DESY 

from Polarized DIS 

IO5 

1 p j  

0 

(275O spcc.) 

-03 

E154 (Ai) 

.03 

E155 (A;) E155 (A:) 
(10.50 spcc.) 

E155 (A? 
(2.75' spec.) 

05 

10-l 1 10-1 1 IO.' X I  

(Gluck,Reya, Stratmann, W NLO QCD fit) 
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0 a strong interest in total polarizations : 
1 1 

AQ = Aq(x,Q2)dx = I [q%Q2) - a-(x,Q2)] dx 

Why ? 

0 measures 2Sq r ~ )  access t o  quark spin contribution to nucleon spin ! 

0 it turns out they are related to matrix elements of axial currents : 

sp [ A Q + A Q ]  = (P,SI$,Yy5,ZL)qIP,S) 

0 such currents occur in weak interactions 

example : neutron p decay 

gA ( P I  $u?"Y5,ZL)d In> 

0 - deep connections 'between hadronic and DIS physics Bjorken 

Bjorken's sum rule 

0 originally, a main motivation for measuring g l  ! 

n + p e - G e  

0 today, we know : 

a, 55 nf --- --- ''0 (a,)" = 7r [I2 3 1  

115 3 
- [41.4-7.6nf+-n?] 648 ($) &... 

(Kodaira et al.; Gorishny,Larin; Larin,Vermaseren) 
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Q2 = 5 GeV2 : 

Theory : 

S.R. = 0.181 k 0.003 

SMC : (E155 similar) 

0.08 

0.06 

0.04 

0.02 

0 

+0.011 +0.021 
S.R. = 0.174 k 0.005 

-0.009 -0.006 

0 more precision in the future ? - eRHlC 

The striking finding : 

Quarks do not carry the proton spin ! 

AX E AU + A u  + AD + AD + AS + A S  FZ 0.2 << 1 

0 certainly not predicted by constituent quark models : 

e.g., simplest case I P )  = 1 [2utut& - utu-ldt' - u-lutdf- + perm.] a 

some potential pitfalls : 

0 needs low-x extrapolation (eRHIC ...) 

0 low x usually have low Q2 (eRHIC ...) 

0 relies on information from hyperon p decays 

93 



0 a crucial feature of the quark singlet : 

n P 5  s P " Z  = (PSI $ 7  Y 3 b  IPS) 

singlet axial current j g y o  

0 deep connection to axial anomaly : 

- 
0 a consequence (in MS scheme) : 

+ moderate decrease in perturbative region (Jaffe) 

0 connection with gluon spin contribution ? 

What else may carry the proton spin ? 

1 1 1 1 02 2 01 - = (P,sl  /d3x [x T (2) - x T (x)] lP,-) 2 2 

One finds (Jaffe,Manohar; Ji) 

+ $' (5 x (-6)) $ + (l? x A) + Ej (2  x i5) Aj 
3 ,  3 3 ,  

L \ \ -r V * - quark OAM gluon spin gluon OAM N quark spin 

leads to 
1 - LAC + AG +L,  + L, 2 - 2  

0 Orbital angular momentum ? 
94 



IV. A New Era of QCD Spin Physics 

0 excitement from polarized DIS has led to 

- new generation of facilities to explore the nucleon spin structure 

- large theoretical activity 

0 key gods : 

- gluon polarization in nucleon 

- more information on quark densities, by flavor 

- orbital angular momentum 

- transverse polarization of  quarks in a nucleon 

RHlC will be the key player in most of this. 
Information from lepton-n ucleon scattering 
will remain vital : HERMES, COMPASS, . . . , eRHlC 

r 

Probing gluon polarization Llg 
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0 DIS : probes quarks and antiquarks 

0 Crucial observation : Parton distributions are universal ! 

- the same distributions appear in hadron-hadron scattering 

(Sterma n, Li bby; El lis et al. ; Colli ns,Soper,Sterma n ; Collins) 

- makes notion of “nucleon structure” meaningfu 

0 do polarized hadron-hadron scattering : 

Examples : 

high-pT reactions, pp + jetX, pp + yX, p p  + TX, . . . 

RHlC ! 

large produced masses, pp + (cE)X 

Hard scattering in hadron collisions 

consider high-pT final state : =+ hard scale 

P 

F =Y, jet, pion, W, ... 

P 

2 

+ o(;)n 
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p p  + r 0 X  by 
PHENIX 

(f30% normalization unc.) 

I- I I I I I I I - 
* 2 0  % 
::lo pT dependent systematic error 

- 
- 

w 
g o -  

pQCD hard scattering works well at  colliders ! 

0 in a l l  cases, it is crucial to know QCD corrections to hard scattering : 

- often sizable 

- reduce dependence on factorization scale ,u 

97 



Hard scattering in polarized hadron collisions 

- a++-a+- = & - spin asymmetry ALL = a++ + a+- a 

- dAo 
P $ K  - 

P 

F =y, jet, pion, W, ... 

+ (k)n 

Excellent prospects for RHIC : 
0 a collider ! 

0 several different reactions with sensitivity t o  Ag can be studied 

for example, p p  -+ yX, p p  -+ jetX, p p  -+ T X ,  p p  -+ (cE)X, . . . 

0 for the first time, we can test universality properties of polarized pdfs 

0 emphasize : we are not only measuring nucleon structure 

- we also test QCD spin interactions ! 

0 NLO corrections now known for a// relevant reactions 

Gordon,WV; Contogouris et ai.; de Florian,Frixione, Signer,WV; Stratmann,Bojak; 
de Florian; Jager,Stratrnann,WV, . . . 
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Already in coming run : $$+ r 0 X  Jager,Stratmann.WV 

0.081 L=7/pb 

0.04 1 / 
/GRsv-m= 

GRSV-std 1 

i 12.5 15.0 

P T  / GeV 

Further information 

on quark distributions 
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0 inclusive DIS cannot distinguish between q and ij 

0 considerable interest : 
SU(2) breaking in sea (pion cloud models, Pauli exclusion, . . . ) 

(Thomas,Signal,Cao; Diakonov,Goeke,Weiss; Gluck,Reya; Schafer,Fries; Kumano; Wakamatsu; . . . ) 

0 strange quark polarization 

0 one option : semi-inclusive DIS. Detect a hadron h = T+, T - ,  K*, . . . 
(Ellis,Karliner; Brodsky et  at.; Li,Zhang,Ma; . . . ) 

A 

u. 

New HERMES results (Spin-2002) : 

0.2 

0 

0 
-0.2 

0.1 
0 

-0.1 
0.1 

0 
-0.1 

0.1 
0 

-0.1 

0. 

n 
X 
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A neat way at RHIC : W production 

Parity violation H W selects parton helicity 

o>) . Proton helicity ="+" ' - 

Proton helicity ="-" - 

(Bou rrely,Soffer) 

What you get : 
1-01 I 

NLO corrections, acceptance issues : 

Weber: Karnal; Gehrmann; Nadolsky,Yuan 

0.5 

0 

- RHIC pp 4 s  = 500 GeV 
- IL dt = 800 pb-' 

BS(Ag=O) 
-1.01 I 

1C2 X 10-l 

PO1 



Accessing orbital angular momentum ? 

a recall : 

Mol2 = $r3y5$ 7 + $* (z x (-i5>>,$ 
\ * / 

N quark OAM N quark spin 

0 Ji noted that the total angular momenta of quarks and 
"Deep1 y-vi rtual Corn pton scattering" 

+ [z x (8@) x B ( Z ) ) ]  *I 

\ v - total gluon ang. mom. 

gluons can be measured in 

0 the crucial point is that the jc' forces one off the forward direction 

- ordinary parton distribution : 

- off-forward parton distributions : 

q(z) - dyeipx (P I $+(y) $+ (0) I P)  

/ dy eiyz (p I g+(y> $+ (0) I P> = H ( Z :  t )  r+ ~ ( ~ 1 1  
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0 H and E are related to ordinary parton distributions, and t o  nucleon form factors 

0 Ji found a process that may be used to obtain the H and E,  and to  derive Jq : 
q+A12 q-Al2 

- -  lim / dx II; [Hq(x, E ,  A2) + E4(cc, E ,  A')] 
Jq - 2 A2+0 

?-A12 P+A12 

much experimental activity HERA, HERMES, JLab,. . . , eRHlC 

0 evolution of total angular momentum : 

1 3nf 1 16 
2 16+3nf 2 16+3nf J , (m)  = - 7 J g ( 4  = - 

0 the nucleon becomes very simple asymptotically 

Phenomena with transverse spin - 1 : 

I ransversity 

LO3 



n 

Recall : a helicity parton distribution 

How about the same for transverse spin ? 

Indeed, this is a new parton distribution - transversity 

Transverse spin may be described in helicity basis : 

1 
11) = 1/2 (I+) + i I-)) 

But then : 

2 

4 

3 

cc "Helicity flip" ! 

Not possible for gluons 

LO4 



0 electroweak probes preserve chirality (M helicity) 

=+- not accessible in incl. DIS : 

0 hard QCD probes also preserve chirality : 

h 

4. 

so . . .  

0 how can transversity be non-zero in the first place ? 

parton distributions involve non-perturbative physics, where chiral symmetry is broken ! 

0 how to measure ? 

RHlC will allow access to transversity ! 
One (of several) ideas : hard scattering of two transversely polarized protons 

/ F =y, jet, pion, W, ... 

105 



0 why t ATT allows in partonic scattering 

0 not in 

0 however, two possibilities : 

0.02 

4? 
0.01 

0 

Drell-Yan, direct photons 

+ - 

je t  production (id. quarks) 

Predictions : I ATT < ALL I 
1-jet 

STAR 
high-pl. photon 

PHENIX 

f 200 GeV, 320 pb-' 

0 10 2o p,[GeV] 30 0 20 40 60 80 100 
P p V l  

(JafFe,Saito; Soffer,Stratmann,WV) 
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Phenomena with transverse spin - 2 : 

Single t ra nsverse-spin asyrn met ries 

p(T$) + p + C + X with C I=' high-pT T ,  7, . . . 

correlation N igT - (ip'x i) 

fixed-target experiments a t  

BNL,ANL,Fermilab,. . . : AN large ! 

pTp -+ 7rx 

0.4 

0.2 

0.0 

-0.2 

-0.4 
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0 In “Parton Model” ? 
n 

B 

0 partonic scattering 

d 

AN oc sin(p) Im [ h++; ... h> -;...I 
oc Im{ (helicity non - flip) (single flip)*} = 0 

0 can only arise as mQas << 1 (Ka ne, Pu m pl i n , Rep ko) 
PT 

0 the lesson : AN is power-suppressed (albeit large . . . ) 

0 in pQCD, it has to behave as l / p ~  a t  IargepT 

0 large-zp measurements of AN open the window 

0 there is more dynamics in QCD that  can lead to 

power-s u p pressed con t ri but  ions 

0 intrinsic transverse momenta, quark-gluon correlations 
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0 kl-dependence of distribution/fragmentation fcts. 

Sivers; Collins; Boer; Anselmino, Mulders et al.; Leader et  al. . . . 

0 interplay with steeply falling cross section 

0 much interest in k~ dependent quark distribution : 

J 

T-invariance of QCD appears to  forbid a correlation S T .  ( P  x I&) 
0 recent development : gauge links tha t  make pdfs gauge invariant 

(Brodsky,Hwang,Schmidt; Collins; Belitsky,Ji,Yuan) allow the “T-odd” structure 

0 “Twist-3 quark-gluon correlation functions” 

Efremov,Teryaev; Qiu,Sterman; Koike et al.; . . . 

0 Qiw,Sterman prove factorization for AN to 1/Q power in QCD 

j new universal nucleon matrix elements - (PI Q F  q IP) 

0 we are beginning to understand the similarities : 
phase in hard-scattering 

(Efremov,Teryaev;Qiu,Sterman) 

phase in distribution function 

(Sivers; Anselmino et al.; Collins; Boer et al.) 

(Belitsky; Qiu; Boer, M ulders, Pijlman) 
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0 a caveat : 

- data on AN in “borderline pQCD” regime p~ N O(1) GeV 

0 in “soft regime”, description for AN could be different : (Boros,Liang,Meng) 

0 quark-antiquark fusion ”on front surface” 

0 same physics in different language ? 

0 recent development : 
Fourier transforms of off-forward parton distributions give information 
on position space distribution of partons 

(Burkardt; RaIston,Pire; Diehl) 

0 for transverse nucleon polarization : expect distortion 

0 may lead to AN asymmetry 

0 connection between q(2 ,  g ~ )  and q(x, k&) (Burkardt) 

0 we are learning more from ep (HERMES,eRHIC) . . . 
. . .  AND from RHIC ! 
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0.4 

0.2 

0 

-0.2, 

pt+p  -+ n0+X 

STAR FPD Preliminary Data 
Assumes A,(CNI)=O.O13 

1.1 ( ~ 4 2 . 5  GeV/c 

&=ZOO GeV 

- Collins effect 

- Twist 3 effect 

- Sivers effect 

Syst. Uncer. = f0.05 
l l l l l l l l l , , ! I , , ,  

0.2 0.4 0.6 0.8 1 
xF = E / 100 GeV 

+- 

a' 

Using RHIC-Spin to find 

Physics beyond the SM ? 

111 



0 suppose, we have a spin asymmetry that 
- . . . we t h i n k  we can predict rather precisely 
- . . . is small within the standard model 

0 look for deviations from predicted asymmetry 

0 example : parity violations in jet production 
one beam longitudinally polarized 

0 in Standard Model, receives contributions from 
interference QCD x electroweak - small 

Bourrely, Guillet, SofFer; Tannenbaum; Taxil, Virey 
0.08 

0.04 

AL 

0 

-0.04 

A=2.0TeV/ q=-l ] generic contact i n te ra et ion : 

- $ ~ r p ~ r w  

to be viable need : 

large &, high luminosity 
precision in SM prediction 
(E I i is, Morett i , Ross; WV) 
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Conclusions : 

0 we are still learning about the complex structure of the nucleon ! 

0 spin fraction of quarks is small - what else will we. find out ? 

0 new facilities - RHlC ! - will provide an inexhaustible 

wealth of information. Lepton-Hadron experiments will remain 

complementary and vital 

0 veryexciting times ahead of us 

0 spin physics will continue to provide challenges for both 
theorists and experimentalists - a good time to  get involved ! 
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RHIC PHYSICS AND NEW FORMS OF 
MATTER 

Larry McLerran 
Brookhaven National Laboratory 
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RHIC and New Forms of Matter 

What are we trying to understand? 

What have we learned? 

What do we expect to learn? 

What do we hope to learn? 

u 

Kharzeev, Gribov 



The Quark Gluon Plasma 

Ouark-Gluon Plasma - Hadron Gas 

The Evolving QCD Phase Transition. 
t - 1980 

Critical Temperature 150 - 200 MeV ( P B = 0 ) Quark Gluon 
Critical Density 1/2-2 Baryons/Fm3 ( T= 0) Plasma 

Hadron Gas 

t -  1990 
Quark Gluon 

T 
'\ Plasma 

\ 
\ 
\ 

t-2000 
Quark G uon 

Hadron Gas 

Satz et .al.; Shuryak et. al., Wilczek et. al. ..... 

119 



What have lattice simulations shown? 
How do particles get their mass? 
Why is the pion mass so small? 
Are confinement and chiral 

restoration related? 
How does linear potential arise? 

Deconfi nernen t : C h ira I Sym met ry : 

mup~ mdown N O  Naof changes by 
order of magnitude. i4-iX&O?2 N 1 GeV 

E r r 4  

- 13-15 
Massive Nucleon 
Massless Pion 

I 

1 T 
Tc 
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Is the confining force still linear 
for T > Tdec? 

What  is the equation of state? 
Sound velocity? 

i v 2  = 1/3 - 
High T is v2 = 1/3 



The Color Glass Condensate 
Hadron in frame where it has 

high momentum: 

High momentum constituents generate 
low momentum wee partons 

Density of gluons per unit area 
becomes large. 

near speed of light 
Fields random on thin sheet travelling 

Gribov, Levin, Ryskin 
Mueller, Qiu Universal . 

high energy 
behaviour 

for all hadrons. 
Jalilian-Marian, Kovner 
Leonidov, Venugopalan 
Weigert, Kovchegov 

Iancu, Ferreiro, McLerran 
Golec-Biernat, Wustof 

Blaizot, Weideman, Balitsky 
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Color Glass Condensate and Saturation 

Gribov, Levin, Ryskin; 
Mueller, Qiu 

McLenan, Venugopalan 
Q2= 200 GeV2 

1, \ \  

Gluon 
Density 

Gluon phase space 
density per unit 

area: 

until 

implies 
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Color Glass Condensate 

Color: Made of Gluons 
Glass: Wee fields (low momentum) 
are produced by higher momentum 

constituents. Time scales are Lorentz 
dilated compared to natural time scales. 

Condensate: Gluon density biggest possible 
Negative kinetic energy: p 
Rep u lsive i n te ra c t  io n s : ap2 

Compensate when p N l/astrong. 

l/a is typical of Bose condensation. 

Iancu, Leonidov and McLerran 

I 

5 
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Space-Time Evolution of 
Ultrarelativistic Nuclear Collisions 

Kovner, Mclerran, 
Weigert 

Krasnitz, Nara, 
Venug opalan 

t < O  

Color Glass Condensate 
in each nucleus. 

The Color Glass Condensate Melts into 
Quark Gluon Plasma 

t - l/Qsat - 0.3 Fm 

a t  RHIC. 

Eform - Q&/aStrmg - 20 - 50 GeVfFm3 
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Space-Time Evolution of 
Ultrarelativistic Nuclear Collisions 

c- 

Bjorken; Kogut, 

large p small p large 

Susskind 
Matter is formed with 
correl a t  ion between 

momentum and position 
due to Lorentz time 

dilation of  the 
form a t  ion ti me. 

Similar to Hubble 
expansion in Cosmology: 

+ 

N/V - l / t  
P 

If not equilibrated, E / N  N constant. 
If equilibrated, E / N  N T, and N/V - l / t  

T - l/t1/3 

tfmm 5 t 5 ttherm 

Matter thermalizes and Hubble expands. 
- ttherm N 0-5- 1 Fm/C 

ttherm 5 t 5 tdecoupling 

Matter expands as a thermal system. 
tdecoupling RIVs l o  F m / c  
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Space Time Evolution in 
Ultrarelativistic Nuclear Collisions 

A vareity of time scales between 
thermalization and decoupling : 

Kaj antie 
Ruuskanen 
Eskola 

Can show the temperature always evolves 
slower than 

T t-4 - < t-113 

so long as t is smaller than the time a t  which 
the system becomes 3 dimensional. 

At  this time, the system begins to decouple. 
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What Have We Learned? 

i 

nucl-ex/Ol08009 
Submitted to PRL ,p AGS 

Bounds on Energy Density 
lo' t M e l t h g - ~ e d  G l w  

Energy Density at Formation 
E -20-30GevlFm 

ark Gluon Matter 

Quark Gluon 

Energy Density 
-2-3GevfF 

Plasma 

loo, 10-1 t (Fdc)  10 O 10 ' 

c 

Energy Density - - 20-30 times 
that inside a 

proton 

Energy Density 
+ InCores 
of Neutron Stars  

Energ: Demfty of 
Nuclear 
h3aUer 

c 

Energy density too big for hadron gas! 
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What Have We Learned? 
Gross moperties of multiplicities 

con&&nt with Color Glass 

dNdq vs Centrality at q=O 

Kharzeev and Nardi: / dy  N l/astrong 

a(Qsa t )  depend on multiplicity 
per unit area. 

Kharzeev, Nardi and Levin: Rapidity density 
as function of y can be computed from Qsat. 

Qsat is the only scale! 

Kajantie, Eskola, Tuominen; 
Kharzeev, Levin, Nardi 
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Gross Multiplicities Consistent 
with Color Glass 

7m 

[dNch/dq W = 130 GeV 

I .  

. I  k 
0 - 6 %  "I 
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What Have We Learned? 
It Is Matter and Interacts Strongly 

In region of overlap 1 
0 

0 0  0 .  a asymmetry of spatial 0 0  

asymmetry of momentum .. - 0 0 0  0 .  - 
0 ~ o o o  distribution -> 

distribution I I 

=<cos(%@)> tan(@)= Py/px v2 

But is it Hydro?, 
Heinz, Kolb, Teaney, Shuryak; ... 

v2 - Hydrodynamic maid 

......................................... -I. 

0 0.2 0.4 0.6 0.8 1 
Normalized Paddle Signal 
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Or is 

* -  
-7-  

it Color Glass Condensate? 

CG v.s.Cooling * 
Krasnitz, Nara, Venugopalan 

P 

L 1 

Or is it jets and 
Kovchegov, 

saturation? 
Tuchin 

0.25 
0.225 

0.2 
0.175 
0.15 

0.125 
0.1 

0.075 
0.05 

0.025 
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Rapidity Distributions Consistent 
with Renormalization Group 

2F 
t 

have 198 GeV 

. ,  , ,t 1 

-2 0 2 0 

The effect of  higher energy is t o  add on new 
degrees of freedom a t  small x. 

The high x degrees of freedom are frozen! 
Like renormalization group where the high 

momentum degrees of freedom are integrated 
out and absorbed into parameters of an 

effective Ha mi lton ia n . 
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What Do We Expect to Learn? 
Is there thermal equilibrium? 

p~ distributions. 
Teaney, Shuryak; Heinz, Kolb .... 

+ x  PHENIX 
-8- K' PHENIX 

lo-' 

1 oa 

-3 

1.5 2 2.5 3 3.5 
10 ~~ 

0 0.5 1 
M, ( G W  

A t  low to  intermediate p~ hydro is consistent 
with data. 

D a t a  has mT scaling, characteristic of hydro 
a t  large to  intermediate p ~ .  

Shapes of ditributions seem consistent with 
hydro! 

B u t  a t  some p~ there must be jettiness. 

134 



What Do We Expect To Learn? 
Is there thermal equilibrium? 

Gluon jets produced 
hamediumwill 
scatter on the media; 

The high momentum 
component of the 
jet spectrum will 
be depleted. 

Mueller, Schiff 
Dokshitzer, B ie r  
Peigne, Gyulassy 

wang 

Is j e t  suppression 
due t o  parton 
energy loss? 
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What Do We Expect To Learn? 
Or is jet quenching due to the 

Color Glass Condensate? 

“.“E 
Ob1 I I 1 

0 100 200 300 
part 

PA experiments crucial! 

pA probes initial hadron wavefunction, 
Next best thing to eA. 

In frag. region of p, very small x of A. 

Y. 

Tuominen, Lenagahan; Jalilian-Marian, Dumitru 
Levin, Tuchin, Kharzeev 
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What Do We Hope To Learn? 

Does deconfinement, occur in high density 
matter? 

Does chiral symmetry restoration change 
masses? 

Spectrum of low mass dileptons measured a t  
CERN. 

Probably resonance broadening 
Ra pp, Weise, Wa m bach . 

Difficult a t  RHIC due to  charm background. 

Very difficult! but Rewarding! 
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What Do We Hope To Learn? 
Melting of the J / $  

Is J / $  suppression 
due to  hadronic scattering? 

Changes in gluon distribution? 
Higher twist effects? 

Dconf i nement? 

Suppressors: Matsui, Satz 
K ha rzeev, Bla izot, Ollitra u It 
Enhancers: Rafelski, Thews 
Stachel, Braun-M unzinger 

Red lich, Gorenstein 
Twister: Qiu 

Rescatterer: Capella. 

At RHIC energies 
Does open charm increase 

J/yj by recombination? 
Is J/yj enhanced a t  RHIC? 

Must measure open charm. 
Must understand energy 

0 I ,  I I I I I I I  I dependence. 
Need pA and pp. 0 50100150m2503w35(1 

Number of Participants 
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What Do We Hope To Learn? 
Lifetime and Spatial Extent of 

. Produced Matter 

Difficult to  interpret 

1 Problems with hydro? 
RoutlRsicje 

A P  Decoupling? 
I 

R0"t 

t 

Do we really understand the space time 
evolution? 

Soff] Bass, Dumitru, Heinz, Kolb, Teaney, 
Shuryak, Padula 

U 50 100 180 50 100 180 50 100 150 
0.8 
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What Do We Hope To Learn? 

Flavor Composition of QGP 

t I 

-t 
Quark Gluon Plasma 

Can fit particle 
a bu n d a nces with tern perat u re 

and chemical potential 
for baryon number 
and strangeness. 

It works too weJI! 
efe- collisions! 

Are we not understanding 
something fundamental and 

universal? 

Muller, Rafelski, Cleymans, Redlich 
Bra u n- M u nzi nger, Stachel, 

Gorenstein, Gazdicki 

I I 
1 I I 

I 1  , 
I I I 

400 800 1200 1600 
PB 
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Summary: 

We have produced strongly 
interacting matter at energy 

densities do high it can onlv be 
reasonablv des&ibed in terms of 

qukks and gluons. 

We must now establish the properties 
of this matter. 

Effective 
Temneraiture 

Effective Baryon 
F e d  Energy 

25 50 100 200 400 800 
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FUNDAMENTAL PHYSICS SHOULD BE 
BASED ON DIFFERENCE EQUATIONS 

To Do Lee 
RBRC, CCAST, Columbia University 

4 

N 
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Fundamental Physics should be based 
on Difference Equations 

(not differential equations) 

Local field theory is inadequate 

Both difference and differential equations 
a can have the same continuous groups of 

sym. (including translations and rotations) 4 

Difference' equations have chaos and 
h c t a l  type solutions, not possessed by 
dBmntial quw 
Differential equations are mly 
approximations to difference equations 
Physics should be described by difference 
equations, not differential equations. 
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DOMAIN WALL FERMIONS AND CHIRAL 
SYMMETRY 

Taku Izubuchi 
Kanazawa University, Japan 

and 
RIKEN BNL Research Center 

c 

s, 
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Domain Wall Fermions 

and 

Chiral Symmetry 

Taku lzubuchi (RBRUKanazawa Univ.) 



Purposes of Dynamical lattice x fermions 

QCD physics beyond perturbative analysis 
CP violating matrix elements 
B K ?  (K I H$;F~ 1 K )  

( 7 T n l ~ $ $ = 1 / ~ ) ,  

Structure functions / form factors 

0 Matrix elements of Nucleon decay of GUT 

0 Hadronic contribution to the muon 9 - 2  
0 chiral Anomaly & Topology , 

Finite temperature/density, T #  0 , p # 0 

(PIOIP)? (4017d 

(r I  GUT IP) 

i 



Use  of chiral symmetry on lattice 

massless quark q ( z )  

0 Spontaneous breaking of chiral symmetry, ((14) = (qLqI2 + qRqL) # 0. 
NG boson, Ad: cx m,. The origin of constituent quark mass or proton. 

0 Fine tuning of fermion mass i s  unnecessary 
C .  f. light Wilson Fermion 6Mlv = -cg2, < exceptional configurations 

0 discretization error should be small.( lattice spacing, u > 0) 
No local operator with dimension five with chiral symmetry. 

O(a) error i s  suppressed. Could use relatively large u to predict continuum limit 
&at = ~ C c o n t .  + U206 + - 

unphysical operator mixing i s  prohibited by X-sym 
c.f. BK 

(KI(~~)v-A(~~)v-AIK) 0~ PKPE?: 
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Procedure of Lattice QCD 

0. divide space time into lattice: lattice spacing a. 

0 1. make QCD vacuum (configuration ensemble), U ~ ) ( X ) ,  i = 1 * ' O(100). 
physical input: (0 = 6 / g 2 , m m , )  search in parameter space. 

2. measure observable (e.g. hadron correlator) and take the ensemble average, 
(0) = ci 0;;i . 
3. Renormalize. Ocont.(p) = ZOl,t(a-') 

Lattice spacing i s  determined from dimension-full quantity. e.g. rn,a-' = 77QMeV. 

c 
? 



C 
5. 

Configuration generation 
generate Up(%) according to QCD action 

Prob[U,(z)] (x cxp(- 

0 Quenched approximation: det(jD + m) -+ I 

0 Full QCD (with dynamical sea quark loop): 
Hybrid Monte Carlo 

very expensive N 0(1  year) 

pathology of quenched approximation 
Only valence quarks exist. 

lack of Unitarity 

mVl = VI,, quark hairpin diagram, quenched chiral logs. 

a0 scalar corelator loses positivity. 
(final state interaction of E( -+ T T )  



0
 

m
 

k
 

9 Q
) 

Y
 

k 0 

a 
n

 
S

 
m

 
S

 
S

 

0
- v
)
 

L
 

% 
c3 

2 E
 

a, 
a
 
3
 

S
 

cv 
\
 

c 4
- 

Q
 

Q
 

.. t
 

b 
rc

 

0
 

W
 

v
)
 
e
 

0
 .. E

 
3
 

cr 
S

 

E E 0
 

"
3

 
A

, 

m
 
\
 

2- 

160 



Canonical system ( @ F :  auxially field) 

To update one configuration of the ensemble : 
1. Refresh conjgate momentum PP(x): 

P ~ o ~ [ P , ]  o( e x p ( - ~ r ~ ~ )  

G P 
2. Generate auxially field @F(z) by heat bath: 

3. Molecular dynamics. proceed in fictitious time, 7- 

V P ( 4 7  q . d 4 1 T = O  - [w47 P p ( 3 4 . T  . 

preserves Hamiltonian or weight, e-? 



Done numerically (r = N6r)  in the area preserving and re- 
versible way (leap frog integrator) 
4. Accept/reject to compensate the integrator: 



Dynamical DWF 

e using improved gauge action DBW2 

using Hw(-Ms) as a probe of mres and M&pt) 
[QCD-TARO; Y.Aoki, K.Orginos Lattice 20011. 

0 scale, a-l, from matching of screening meson masses 
with dynamical staggered fermion on smaller lattice (deconfined 
phase) 

G w 

0 New. algorithms 
New force term. 

o Chronological inverter [Brower, lvanenko, Levi, Orginos] 
(C.Dawson, P.Vranas) 



Zero modes and x sym. breaking 

Lsl2 . . . Ls 1 2 ... 

Axial Ward Takahashi identity 

0 non-local axial current ACL(x)  
0 explicit breaking operator, and residual mass m r , o s :  

c 
L 



e 

residual mass vs L, 
mres vs Ls 

8 x 8 ~ 8 ~ 1 6 ,  mf(dyn) = 0.025 

. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . ..... . .. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . 

M DBW2 beta=0.80 
Dfl Plaquetle beta=5.80 

w lwasaki beta=2.30 
0-0 cl=-1/8, beta = 1.20 

mf(dyn) 

' 6  8 10 12 
Ls 

1 

reasonable m,,, for L,  = 12 
rectangular action helps 
(but less dramatically) 

compared quenched cases: 
10 20 

L, 
. .... 



[DBW2 + DWF] compared with [WilsonG + KS] (T # 0 )  
1 6 x 8 ~ 8 ~ 8  m=Q.Q25 KS vs DWF 

0.6 
PI 

0.01 0.02 
valence quark mass 

0.5 
I 3 

T # 0, finite box, screening masses 
0 compared with N 2GeV dynamical staggered fermion 

(Xiaodong Liao) 
D Wilson glue, ,B = 5.7 
D dynamicd staggered: N~ = 2,mf = 0.025, on 16 x g3 

o quark mass Z factor, Z,, different scaling violation w 20% at  most (?) 
T = d / N T  N 250 MeV 




